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FOREWORD 
The r e sea rch  c a r r i e d  out under contract  number NAS 2-2366 
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We should a l s o  like to acknowledge the financial support  
given to  M r .  Tanner  by a U.  S. P .  H .  S. training grant  and by the NASA 
through a sub-grant f rom the UCLA Space Sciences Center  which was 
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I. IN TRODUC TI ON 
This r e sea rch  program was undertaken to develop and 
apply methods for  measuring radiobiologically significant dosimetr ic  
quantities to be used for the evaluation of radiation hazards  associated 
with manned space flights and fo r  the evaluation of high energy proton 
i r radiat ions of ce l l s  and whole animals.  
not only upon absorbed dose and i t s  distribution within the biological 
entity under study, but a l s o  upon the manner i n  which energy i s  deposited 
on a microscopic scale within the absorbing mater ia l .  This i s  evident 
f rom the fact that radiations of different l inear  energy t ransfer  (LET)  
will produce different biological effects even when the absorbed dose 
and dose rate  a r e  identical. 
relative biological effectiveness (RBE) to the LET distribution of the 
dose within the biological entity being observed. The pioneering work 
i n  this area was done by Rossi  and co-workers l j  
s enso r s  for  the determination of LET spectra.  However, inherent 
l imitations of the LET concept have been brought out through the i r  work 
and they have proposed severa l  alternative 
facilitate a study of energy deposition distributions in  truly microscopic 
volumes. 
additional modifications of these concepts a r e  necessary.  
The effects of radiation depend 
Many studies have attempted to relate 
using spherical  energy 
designed to 
Fur ther  studies by us  have shown that for  charged par t ic les ,  
The absorbed dose a t  a point i s  defined only when the 
absorbed energy divided by the m a s s  reaches a constant ratio for  suc- 
cessively smal le r  volume elements containing the point. However, this 
constant value must  obtain for volume elements  st i l l  l a rge  enough to 
contain a grea t  many individual particle interactions,  otherwise signif- 
icant s ta t is t ical  fluctuations i n  this quantity will appear .  
i s  impar ted  to the medium by discrete interaction events in  o r  n e a r  
charged par t ic le  t r acks  i t  i s  evident that the absorbed energy density 
may have large variations on a microscopic scale even when the absorbed 
dose is quite uniform over macroscopic volumes. 
local energy density variations i s  essent ia l  fo r  fundamental studies of 
many radiation effects. 
Since energy 
A knowledge of these 
This  r e sea rch  program represents  an  effort to define both 
the macroscopic  and microscopic distribution of dose deposited by high 
energy protons in  t issue with a view toward expanding the basic ideas  
inherent  in  Ross i ' s  concepts and, i f  possible, developing improved con- 
cepts  and  methods while studying fundamental pa rame te r s .  I t  i s  appar -  
ent that  one meaningful way of expressing these concepts must  certainly 
be the energy deposited pe r  event in a biologically meaningful volume of 
p rope r  s ize  and shape. 
1 
I Studies of the center  line depth dose distributions for  high I 
energy protons were  designed to elucidate the distribution of absorbed 
dose on a macroscopic scale.  
protons with energies  of 20, 45, 137, 220, 260, 630, and 730 MeV. 
The distributions fo r  the 630 and 730 MeV protons show a very  rapid 
I 
initial r i se  i n  dose with t issue depth which had not previously been p r e -  
dicted on theoretical  grounds for these energies .  The distributions f o r  
20, 45, and 137 MeV protons a r e  charac te r ized  by a gradual increase  I 
1 
These studies have been greatly extended 
during the pas t  year  to include center  line depth dose distributions f o r  1 
of dose with t issue depth, followed by a sharp  peak as  the protons a p -  
proach the end of the i r  range. The intermediate energy curves  should 
of pure 220 MeV and 260 MeV protons,  since both of these beams were  1 
! 
1 
actually not be taken to be center  line depth dose distributions for  beams 
obtained by drast ic  degradation of the 730 MeV proton beam and a r e  
thought to be ra ther  severely contaminated with neutrons and/or gamma 
rays .  
I 
I 
The second aspect  of the work has  been concerned with 
Such distributions consis t  of energy deposited p e r  event in 
developing and applying methods for measuring microscopic dose d is t r i  - 
butions. 
biologically meaningful volumes. 
to perfect several  different types of t issue -equivalent proportional 
counters which may be used to simulate a wide range of biologically 
meaningful t issue volumes, and to determine the microscopic dose 
distributions produced by various radiations in these simulated volumes. 
These distributions w i l l  then be used to analyze the distributions obtained 
i n  very smal l ,  spherical ,  solid state detectors .  I n  o r d e r  to obtain 
meaningful microscopic dose distributions,  of cour se ,  the collection 
efficiency and gas multiplication must  be uniform a t  all operating volt-, 
ages  and gas p r e s s u r e s  for  pulses formed by par t ic les  passing through 
any portion of the chamber  volume. These  and related proper t ies  of 
severa l  electrode configurations have been carefully examined using a 
b r a s s  chamber simulating the electrode and collecting volume of the 
tissue-equivalent chambers ,  a s  well a s  with the t issue-equivalent cham-  
b e r s  themselves using high energy proton beams.  
lution (FWHM) of the init ial  e lectrode in the b r a s s  tes t  chamber ,  as  a 
function of operating voltage and gas p r e s s u r e ,  turned up some ra the r  
disturbing resul ts .  I t  was found that a s  the p r e s s u r e  was  increased  
above 2. 00 c m  Hg the resolution of the peak due to a coll.imated a- 
source continuously deter iorated.  F u r t h e r ,  at each  p r e s s u r e  invest i -  
gated the resolution deter iorated with a n  inc rease  i n  voltage. S imi la r  
indications of se r ious  collection problems at  ex t r emes  of p r e s s u r e  and 
voltage were observed by examining the response to  a n  uncollimated 
a-source located on the wall  of the chamber .  
was discovered that this t e s t  of per formance  i s  not sufficient to insure  
that good collection efficiency through the whole chamber  volume has  
been attained. 
The a i m  i n  this phase of the study is 
A study of the r e so -  
Interestingly enough, i t  
2 
I 
A s  detailed previously, the explorations of uniformity of 
volume response using the proton beams have been done by using a 
small  frontal  a r e a  silicon, lithium-drifted, p- i -n  detector in  coincidence 
with the chamber  to select  a portion of the proportional counter sensitive 
volume for  examination. 
nical report  that an  effect then thought to be due to an  interaction between 
the protons and  the walls of the tissue-equivalent chamber  had prevented 
the accumulation of coincidence spectra  in the new experimental  a r e a .  
This  phenomena w a s  carefully examined and has  been determined to be 
a natural  feature of the proton scattering pat tern f rom the polyethylene 
ta rge t  generally used in the p r imary  experiment a t  the cyclotron. I t  
has  therefore  been possible to obtain additional useful data using the 
coincidence method. Fu r the r  tes t s  using the coincidence method in  con- 
junction with a variable delay gate generator ,  to compensate fo r  the 
t rans i t  t ime of the init ial  e lectrons to  the center  e lectrode,  has  indicated 
that the init ial  electrode design does not collect  pulses formed in the 
outer  p a r t  of the sensitive volume. The fact that it was the electrode 
design which is deficient w a s  confirmed by a s e r i e s  of experiments  i n  
which the spherical  tissue-equivalent chamber  was used a s  a n  ionization 
chamber ,  and i t s  saturation charac te r i s t ics  studied under a number of 
conditions using severa l  electrode designs. In addition, substitution of 
methane for  the normal  He-C02  mixture i n  the b r a s s  chamber  resulted 
i n  essent ia l ly  the same anomalous behavior a t  ex t r emes  of p r e s s u r e  and 
voltage discussed above, indicating that i t  was not the gas  which w a s  a t  
fault. 
been c a r r i e d  out. 
using a 0. 003" stainless  s tee l  wire  stretched completely a c r o s s  the 
spherical  cavity. 
pe rmi t  the t issue-equivalent chamber  to be used as a flow sys tem,  which 
el iminates  any possibility of gas contamination which might contribute 
to  poor  collection propert ies .  This a l so  in su res  constant gas multipli- 
cation and facil i tates changes in g a s  pressure .  In view of the fact that 
the init ial  electrode design turned out to have poor collection propert ies  
even though its uniformity of volume response had appeared quite a c -  
ceptable using the angled alpha source as  a probe, it became obvious 
that a much bet ter  t e s t  was  needed to  evaluate any new electrode designs. 
The brass tes t  chamber  has  thus been a l te red  to pe rmi t  a much more  
thorough examination of the uniformity of volume response using a col-  
l imated a -source  o r  monoenergetic electrons f rom the p-ray spectrom- 
e t e r .  The new design pe rmi t s  a collimated beam to be directed along 
seven different paral le l  paths, consisting of a path through the center  
and th ree  p a i r s  of paths a t  1 c m  and 2 c m  f rom the center ,  each sub- 
sequent pair being rotated 45O, thus completely mapping one quadrant 
of the spherical  volume. 
I t  was mentioned i n  the previous summary  tech- 
An investigation of severa l  possible new electrode designs has  
Improved chamber  performance has  been obtained 
The new end plugs designed for this electrode a l s o  
The new electrode design incorporates  a guard-ring. This  
s e r v e s  two purposes .  
ionization chamber .  Second, field distortions can  be co r rec t ed  by p ro -  
p e r  choice of the guard ring operating potential. 
First, it allows the chamber  to be used as an 
3 
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A .  
CENTER LINE DEPTH DOSE STUDIES - 
HIGH ENERGY PROTONS 
ExDe rimental  Measurements  
Studies of the center  line depth dose distributions delivered 
to t issue by protons having energies  extending up to 730 MeV a r e  de-  
signed to elucidate the distribution of absorbed dose on a macroscopic 
scale. 
include center  line depth dose distributions for  protons with energ ies  of 
20, 45, 137, 220, 260, 630, and 730 MeV. The extrapolation chamber  
technique and experimental  procedure utilized for  these measurements  
were  discussed in  detail in  the las t  summary technical report .  In br ief ,  
the measurements  consis t  of the absorbed dose as  a function of depth in  
a polystyrene phantom. 
lation chamber  using a modified Townsend Balance c i rcu i t  o r  through 
integration of the charge collected during the t ime required to collect  a 
standard charge collected by a t ransmission monitor chamber .  
These  studies have been greatly extended during the pas t  yea r  to 
The absorbed dose i s  measured  with a n  extrapo-  
The center  line depth dose cu rves  for  730 MeV and 
630 MeV protons were  included i n  the l a s t  summary  technical repor t ,  
but additional data has  been obtained since that t ime.  F i r s t ,  i t  should 
be mentioned that due to the use of a n  e r roneous  value f o r  the density of 
the carbon beam degrader  used the curve previously labelled a s  due to 
600 MeV protons i s  actually that for 630 MeV protons.  Secondly, addi-  
tional data has  been taken to finalize the exact shape of the sharp  initial 
rise in  the center  line depth dose curve for  730 MeV protons. The com-  
pleted data for  730 MeV protons is  shown in  curve A of F i g s .  1 and 2 .  
This  new data very  definitely reconfirms the validity of the previous 
measu remen t s  a s  well  a s  providing more detail  to this very  impcrtant  
init ial  and sharply rising portion of the curve.  
The center  line depth dose distributions for  protons with 
energ ies  of 20 MeV and 45 MeV a r e  shown in  F igs .  3 and 4, respec-  
tively. Both of these energa.es were  obtained directly (undegraded) 
f r o m  the UCLA 50 MeV Alternating Gradient Cyclotron by adjustment 
of machine pa rame te r s .  A s  ne:ther of these beams had previously been 
used in  the spread-out mode nec,essary f o r  meaningful cen ter  line depth 
dose measurements ,  i t  was necessary to  spend considerable t ime exam-  
ining the charac te r i s t ics  of the beams before at.tempting such m e a s u r e -  
ments .  The beam uniformity was examined both by scanning with a small 
silicon, lithium-drifted, p- i -n  detector used in the open c i rcu i t  voltage 
mode of operation and by the use  of film techniques. I t  has  been found 
possible to  obtain a beam which is  of uniform intensity to within 4% over  
a d i ame te r  of approximately 10 c m .  In  pract ice ,  i t  has  been found con-  
venient to accomplish the init ial  spreading and  positioning of the beam 
by using a television system to observe the beam profile on a scintil- 
lating sc reen .  The maximum total output of the 45 MeV beam i s  
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Fig. 1. Center line depth dose distributions for high energy protons.  
Curve A is  for  730 MeV protons,  B for  630 MeV protons,  C fo r  
the 730 MeV beam degraded by 44 in. carbon,  and D for  the 
same  beam degraded by 10. 76 in. copper.  
energ ies  were 220  MeV and 260 MeV, respectively.  To  obtain 
the 630 MeV protons,  10. 25 in. carbon was  used. 
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F i g .  2. Initial portion of center line depth dose distributions shown 
Fig.  1 .  Curves a r e  labeled as  descr ibed in caption of F i g .  
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F i g .  4. Center line depth dose distribution for = 45 MeV protons 
9 
1OI2 protons/sec with a FWHM 2 400 keV, while that of the 20 MeV 
beam i s  approximately 5 x 1O1O protons/sec with a FWHM -" 200 keV. 
The energy of the higher energy beam was actually 46 f 0. 5 MeV upon 
emerging from the machine, but a n  air path of 30 c m  reduces the en -  
e rgy  of the protons impinging upon the phantom mater ia l  to about 45 MeV. 
The lower energy beam emerges  from the machine wit a nominal energy 
of 25 MeV, which i s  reduced to approximately 20 MeV2 by t ravers ing 
a n  air path of 1 .  9 m before impinging upon the polystyrene phantom 
material .  This  25  MeV beam has  a more  accurately known energy and 
a smaller  energy spread since i t  i s  magnetically deflected. 
f la tness  of the 45 MeV center  line depth dose distribution observed up 
to about 6 m m  is of considerable pract ical  in te res t ,  since i t  pe rmi t s  
accurate  dosimetry for  biological experiments involving i r radiat ion of 
t issue cul tures ,  e t c . ,  with protons of this energy. 
6 
The definite 
A prel iminary experiment w a s  performed to determine the 
importance of the sca t te r  contribution for  the 45 MeV proton beam. 
consisted of measuring the surface dose with the extrapolation chamber  
i n  the polystyrene phantom for  a beam with a diameter  of approximately 
4 i n .  A collimator was then imposed which le t  only a 1 in .  d iameter  
beam through. This resulted i n  approximately a 1570 decrease  i n  the 
surface dose. This  figure should not be considered to have io0 much 
significance, however, since in  this ra ther  c rude  experiment i t  i s  i m -  
possible to  really determine what p a r t  of this resul t  i s  due to la rge  
angle scat ter  i n  the phantom mater ia l  and what p a r t  to air  sca t te r .  
ther  work on measurement  of side and back sca t te r  will be undertaken, 
This  
F u r -  
The center  line depth dose distribution for  137 MeV protons,  
shown in Fig. 5, w a s  determined using the Harva rd  University 95- inch 
Synchrocyclotron, which produces protons a t  a n  energy of 160 MeV. 
Since this beam i s  routinely spread  for  biological experimentation most  
of the important pa rame te r s  for  our purposes  had been well predetermined.  
The beam was spread by using multiple-Coulomb scattering i n  a lead 
sca t te re r  of 7.  64 gm/cm2,  which together with a 360-cm a i r  path a t -  
tenuated the proton beam to 137 f 2 MeV. This  scattering produced a 
broad uniform intensity profile,  varying by only 1070 over  a d iameter  of 
30 c m .  
diode. The dose r a t e s  employed were of the o rde r  of 50 rads  p e r  min-  
ute. F o r  purposes  of comparison,  F ig .  6 shows the peak near  the end of 
the range for  the 137 MeV, 45 MeV, and 20 MeV proton beams. 
This  intensity profile was measu red  using a tiny solid state 
The center  line depth dose cu rves  f o r  220 MeV and 260 MeV 
protons a r e  shown i n  Figs .  1 and 2 .  I t  may be seen that both of these 
cu rves  continue to r i s e  for t issue depths up to  a t  l ea s t  29 c m  and that 
the curve for 260 MeV protons falls  below that f o r  220 MeV protons,  i n  
contrast  to the general  t rend  observed a t  higher energ ies .  Th i s  i s  of 
considerable interest  since the 220 MeV proton beam was  obtained by 
10 
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Fig .  5. Center line depth dose distribution for  137 MeV protons. 
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fo r  proton energ ies  of 20 ,  45,  and 137 MeV, respec-  
tively. 
point corresponding to the peak dose r a t e  observed. 
Curves  A ,  B, and C a r e  
The curves  have been normalized to a common 
12 
degrading the Berkeley 730 MeV beam with 44 in. of carbon ( p  = 1 .78)  
whereas  1 0 . 7 5  in. of copper ( p  = 8.8)  was used for  degradation to 
260 MeV. 
beams to explain the observed center  line depth dose distributions. 
the continuing r i se  a t  large t issue depths may be  logically explained by 
the fact that both of these lower energy proton beams  inherently have a 
much l a rge r  percentage of neutron and/or gamma ray contamination than 
the higher energy beams which i s  due to nuclear interactions i n  the de-  
graders .  
would require  that a deeper depth of tissue be penetrated before a t ta in-  
ment of charged par t ic le  equilibrium. Secondly, the percentage of neu- 
t rons in  the beam af te r  degradation by the copper i s  considerably g rea t e r  
than that introduced by the carbon. This neutron component leads to a 
slower build-up of dose with depth of t issue penetrated,  since the pro-  
duction of secondaries p e r  unit p r imary  path i s  l e s s .  Considering just  
these two curves .  some of the observed differences could be due to dif- 
ferences in the p r imary  charged particle spec t ra  resulting from degrada-  
tion by carbon a s  contrasted to copper resulting in  (a) a difference i n  
secondary production p e r  uni t  path length of the p r imar i e s ,  (b) a dif- 
ference in  the energy distribution of the secondaries ,  (c) a difference in  
the angular distribution of the secondaries. 
study would be necessary  to determine the exact reasons for  the detailed 
shapes of the observed depth dose d i s  ributions. 
One might, therefore ,  assume two things about the resulting 
F i r s t ,  
The large mean f r e e  path of these high energy radiations 
A very  detailed experimental  
F r o m  the preceeding comments i t  is obvious that these 
cu rves  should not be taken to be taken to be  center  line depth dose d i s t r i -  
butions for  beams of pure 220 MeV and 260 MeV protons, While these 
curves  are  cer ta inly of in te res t  for  the interpretat ion of the resu l t s  of 
the many biological experiments per formed with beams  degraded in this 
manner ,  they should not be interpreted a s  center  line depth dose d is t r i -  
butions which would occur  in  a biological specimen exposed to fluxes of 
220 MeV and 260 MeV protons. 
energy range should be done using undegraded proton beams of the des i red  
energy,  I t  i s  hoped that this  may be accomplished in the near  future u s -  
ing the 300 MeV proton beam available at the new NASA Langley cyclo- 
t ron faci1,itie s. 
Clear ly  such measurements  i n  this 
An additional very important implication of the observed 
resu l t s  IS that i t  i s  completely inadequate for  purposes  of manned space 
flight to mere ly  calculate the theoretical  average energy of high energy 
protons a f t e r  passing through a given thickness of shielding mater ia l  and 
use th i s  value to predict  biological e f fec ts ,  since the measurements  
c l ea r ly  show that the type of shielding mater ia l  would significantly affect 
the result ing cen te r  line depth dose distributions in  a manner  which can-  
not present ly  be predicted theoretically. This  once again emphasizes  
the utmost  importance of d i rec t  experimental  measurements  of the 
macroscopic  distributions of absorbed dose for  high energy protons to 
supplement and to guide theoretical  developments and assumptions i n  
these complex dosimetr ic  problems. 
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Fur the r  study is  a l so  needed to determine the relative 
importance of the different contributions to the total  dose for  beams of 
monoenergetic protons. A new extrapolation chamber  for  this purpose 
has  been built and successfully tested.  
The chamber i s  constructed completely of Shonka tissue-equivalent 
plastic so that the influence of s ide-scat ter  can  be studied accurately.  
The chamber  has  interchangeable back electrodes and guard r ings,  thus 
permitting a study of the effect of changing t issue composition (bone- 
soft t issue,  e t c . )  on absorbed dose. Fu r the r  study to determine the 
exit  dose pat terns  and the details  of the s idescat ter  contributions are  
necessary to make the data applicable to calculations involving complex 
geometrical  situations. 
This  chamber  is  shown in  Fig.  7. 
B .  Trea tment  of Data 
The raw data obtained using the extrapolation chamber  
technique consis ts  of the ionization produced cu r ren t  p e r  unit collecting 
volume extrapolated to ze ro  collecting volume, as  a function of depth in 
a polystyrene phantom. Severa l  factors  must  be considered in o rde r  to 
convert  this data into relative absorbed dose as  a function of depth in  
t issue.  
styrene to a n  equivalent depth in t issue.  The only meaningful way to 
make such a conversion is  obviously on the bas i s  of equal energy lo s ses  
i n  the two mater ia l s  a s  the p r imary  beam energy i s  degraded. That i s ,  
an  increment of depth in t issue i s  taken a s  equal to a n  increment  of depth 
i n  polystyrene i f  a proton of the appropriate  energy for  that depth would, 
on the average, lose the same amount of energy in  passing through each.  
This  conversion w a s  accomplished using proton stopping powers f rom 
severa l  different  sources  for the different energy ranges.  
pa rame te r  stopping power tables compiled by Barkas  and B e r g e r 6  were  
used for  both t issue and polystyrene when the protons have energies  
above 2 MeV. 
calculations by Neufeld and Snyder 
of energy between excitation and ionization. 
styrene a r e  those given by Jorgensen. 8 
The f i r s t  cor rec t ion  to be applied i s  to convert  depth i n  poly- 
The two 
Tissue  stopping p o y e r s  below 2 MeV were  taken f rom 
which take into account the parti t ion 
The values used for  poly- 
The conversion of the measu red  ionization cu r ren t  p e r  unit 
collecting volume of the extrapolation chamber  into absorbed dose in 
t issue must be done i n  accordance with the Bragg-Gray principle,  
the basis  of all cavity ionization measurements .  If a smal l  gas  filled 
cavity i s  introduced into any medium being t r a v e r s e d  by radiation, the 
B ragg-Gray relationship enables one , i f  ce r ta in  necessary  conditions 
a r e  fulfilled, to relate the ionization produced i n  the cavity to the energy 
absorbed in  the medium. 
9-1 3 
The Bragg-Gray formula is  
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C74-IA 
a TISSUEEQUIVALENTPLASTIC POLYSTYRENE ~ NYLON 
F i g .  7. Tissue-equivalent extrapolation chamber with interchange- 
able e lectrodes for  studying dose at interfaces  where t issue 
composition changes. 
15 
, 
where 
E m  = 
J = 
the energy impar ted  to  unit m a s s  of the medium 
the number of ion p a i r s  produced in  the cavity gas  
per unit mass g 
W = the average energy required to produce one i o n  
pa i r  i n  the cavity gas  
the relative m a s s  stopping power of the med3um to 
the gas  fo r  the charged par t ic le  distribution whic.h 
ex is t s  in the cavity. 
Sm 
g 
= 
The conditions which mus t  be satisfied in  o rde r  for  the 
Bragg-Gray relation to be applicable are all designed to ensure  that i n t ro -  
duction of the cavity into the medium does not a l t e r  the charged  par t ic le  
f lux  i n  the medium. 
conditions a re  satisfied: 
This  will be so for  charged par t ic les  i f  the following 
1.  The intensity of the primary radiation i s  uniform 
a c r o s s  the cavity. 
2.  The dimensions of the cavity a r e  small  compared  
to  the range of all the charged par t ic les  entering 
the cavity. 
3 .  Essent ia l ly  all of the ionization produced in  the 
cavity gas  i s  due to charged pa r t i c l e s  (p r imary  o r  
secondary) originating outside of the cavity. This  
condition is  necessary  to ensu re  that the ionization 
in  the cavity g a s  i s  due to  the same charged par t ic le  
spectrum which would ex is t  a t  that point were  the 
cavity not introduced. 
I t  is implicit  i n  the Bragg-Gray formula that the values of 
both S p  and W g  used mus t  be those corresponding to the par t icu lar  
charged par t ic le  spec t rum entering the g a s  filled cavity a t  the point of 
measurement  F o r  high energy protons e specially carefu l  consideration 
must  be given to the p rope r  value of S to employ, especially i n  those 
c a s e s  i n  which the protons are  eventually completely stopped in  the 
phantom mater ia l .  
init iates a complex spectrum of lower energy secondary par t ic les .  
According to the mechanism of high energy nuclear  react ions of pa r t i c l e s  
with complex nuclei f i r s t  proposed by S e r b e r ,  l 4  a n  inelastlc coll ision 
of a proton with a n u c l e u s  produces,  by d i r ec t  interact ion wlth the nuclear 
When a high energy proton in t e rac t s  with ma t t e r  i t  
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constituents, severa l  secondary nucleons ranging in  energy f rom a la rge  
fraction of the incident proton energy down to a few MeV. This  leaves a 
highly excited recoiling nucleus which loses  mos t  of i t s  excess  energy by 
evaporating nucleons and heavy par t ic les  with energ ies  of a few MeV. I t  
i s  evident that to follow in  detail the change i n  these spectra  a s  a function 
of phantom depth and changing p r imary  energy, in  o r d e r  to average the 
relative mass stopping power values over the charged par t ic le  spectrum 
present  a t  each point in the phantom, would be  a tremendously complex 
i f  not insoluble problem. Fortunately,  however, a sufficiently accurate  
conversion can  probably be made without doing this.  A number of com-  
puter  code calculations of t issue depth dose fo r  high energy protons have 
recently been published, 5-1 severa l  of which indicate the relative con- 
tributions due to  p r imary  and secondary (cascade, evaporation, and 
hydrogen elastically scat tered)  protons and to heavy evaporation par t ic les  
and recoi l  nuclei. These predict  that the dose due to all heavy par t ic les  
i s  approximately two o r d e r s  of magnitude below the p r i m a r y  proton dose 
over  the range calculated (up to 400 MeV), and these may thus be ignored 
completely in  this conversion. 
only of the o r d e r  of a percent  of the total dose in  the tens  of MeV energy 
range,  but becomes m o r e  important a s  the p r i m a r y  proton energy inc reases .  
The maximum secondary roton contribution amounts to about 20’7’0 of the 
total dose a t  200 MeV 1 5 y F 6  and reaches 50’7’0 a t  730 MeVe19  Thus,  fo r  
the higher energy cu rves  the secondary proton dose i s  quite significant. 
which is ,  of course,  immediately evident f rom the experimental  resu l t s  
a t  630 MeV and 730 MeV. However, i n  converting the present  cu rves  i t  
was  a s sumed  that since the secondary protons would b e  spread  out over  
the la rge  energy range f rom very  low energ ies  up to the initial proton 
energy,  and  since the relative mass stopping power of t issue to  air 
changes by only a couple of percent  f rom 730 MeV clear down to 
1 0  MeVV6 the contribution to  the dose f r o m  secondary protons having a 
relative mass stopping power much different f rom the primaries would 
be ve ry  sma l l  and could be ignored. 
necessa ry  was  that due to the change in S as  the p r i m a r y  proton was 
degraded to very  low energies  near  the end of i t s  r an  e. Below 2 MeV 
and Snyder’s  values7 for  t issue.  
The dose due to secondary protons is  
Thus,  the only conversion considered 
these values  were  computed using Whaling’s values 2 8  for  air and Neufeld 
I t  should be pointed out. however,  that fur ther  study of this 
problem has  turned up additional data which weaken somewhat the a s sump-  
t;on basic  to this simplified calculation. 
representat ive energy spectra  of both cascade  and evaporation protons 
whl-ch have been measu red  and calculated for  var ious mater ia l s  and inci-  
dent proton energies .  Although none of these data a r e  specifically fo r  
t issue o r  t issue-like mater ia l .  they generally show a peaking of the sec- 
ondary proton spec t ra  a t  fa i r ly  low energies .  The degree to  which the 
p r e s e n t  cu rves  would be changed by averaging the relative stopping power 
ove r  such spectra  for  t issue should certainly be examined. 
These  dataZ1 - 2 6  consis t  of 
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l i terature  on W f o r  protons a r e  quite meager .  
applicable to air  show a difference in  W of 
340 MeV protons27 and 1 . 8  MeV protons.  2' In addition, the W f o r  
protons has  been shown to be constant down to 2 5  keV in  argon29 and 
The only data direct ly  , 
i r  of only a few percent  for  
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111 0 SPHERICAL PROPORTIONAL COUNTERS FOR 
MIC RODOSIMET RY 
The second major  aspect  of the work has  been concerned 
with developing and applying methods for measuring microscopic dose 
distributions. Such distributions consist  not only of absorbed dose, but 
a l s o  of i t s  distribution in energy deposited p e r  event i n  biologically 
meaningful volumes. 
several  different types of t issue -equivalent proportional counters  which 
may be used to simulate a wide range of t issue volumes, and to determine 
the microscopic dose distributions produced by var ious radiations in 
these simulated volumes. Such distributions wi l l ,  i n  turn,  be used to 
evaluate and analyze the distributions obtained in  smal l ,  spherical  solid 
state detectors.  I n  o rde r  to obtain meaningful microscopic dose d is t r i -  
butions, however, both the collection efficiency and the gas  multiplication 
must be uniform a t  all operating gas p re s su res  and collecting voltages 
for pulses  formed by par t ic les  passing through a n y  portion of the chamber  
volume. 
examinations of these charac te r i s t ics  in a n  attempt to perfect  an  optimum 
electrode design. These propert ies  have been explored using a b r a s s  
chamber  simulating the electrode and collecting volume of the t issue-  
equivalent chambers  in conjunction with alpha sources ,  a s  well as  with 
the t issue -equivalent chambers  themselves using high energy proton 
beams.  
The a im in  this  phase of the study is  to perfect  
A grea t  deal of effort has  gone into rigorous and definitive 
The Shonka-type t issue -equivalent plastic used i n  the w a l l s  
of the chambers  cons is t s  essentially of a mixture of polyethylene, nylon, 
carbon,  C a F 2  and Si02.  In o rde r  to  meaningfully study energy t r ans fe r  
pat terns  due to charged par t ic les  in  simulated microscopic t issue vol- 
umes requi res  tissue-equivalence in  the gas-collecting volume as  well 
a s  i n  the chamber  walls. 
par t ic le  interactions i t  i s  sufficient to simulate the electron density of 
t issue,  i n  cont ras t  to the more  complicated simulation required for  mea-  
suring photon interactions in  which the c r o s s  sections for  photoelectric, 
Compton, and pa i r  production processes  must  all be  taken into account 
o r  i n  the c a s e  of par t ic les  where nuclear interactions a r e  important.  
The electron density of ICRU tissue32 i s  3 .  31 x 
Zt ‘ Is  possible to match this density quite well with gas  compositions 
which a r e  well behaved i n  the proportional counting region. 
used counter gas  i s  methane, with a n  e lectron density of 3. 77 x 
e lec t rons lg ,  and this g a s  was used i n  the pioneering experiments of 
Rossi .  1 - 5  However, ea r ly  work a t  this laboratory showed that decom- 
posit ion of methane resulted in very poor sealed counter stability. The 
gas  used in  the present  chambers  consists of a n  equimolar mixture of 
helium and carbon dioxide, which had previously been successfully used 
by Caswell .  33 Both constituents of this mixture a r e  quite stable to ion- 
izing radiation and the mixture per forms very  well i n  the proportional 
region. 
F o r  measurement  of non-nuclear charged-  
e lec t rons /g ,  and 
A commonly 
Because the electron density of both helium and carbon dioxide 
i s  about 3 .  01 x e lec t rons /g ,  it i s  impossible to match the electron 
density of the tissue-equivalent wal ls  exactly. However, the discrepancy 
for  this mixture is  no worse (although in  the opposite direction) than that 
of the methane filling used by Rossi .  
A study of chamber  resolution (FWHM) in the b r a s s  cham-  
be r  as  a function of operating voltage and gas p r e s s u r e  resul ted i n  some 
ra ther  disturbing resu l t s ,  which were  the f i r s t  indications that the elec - 
trode design initially used i n  this p rogram was deficient. 
lecting potential of 800 V ,  the resolution of the peak due to a coll imated 
a -source  directed a c r o s s  the diameter  of the chamber  w a s  examined 
f rom 0. 60 c m  Hg p r e s s u r e  to 8. 00 c m  Hg p r e s s u r e .  At p r e s s u r e s  f r o m  
0. 60 c m  Hg to 2.00 c m  Hg, the normal  operating p r e s s u r e  of the t i s sue-  
equivalent chamber ,  the resolution improved a lmost  exactly a s  would be 
expected f rom the s ta t is t ics  of the interact ion p rocess .  34 However,  a s  
the p re s su re  was increased  above 2. 00 c m  Hg the resolution continuously 
deter iorated,  reaching a value of 6070 a t  8. 0 c m  Hg. In addition, at each 
p r e s s u r e  investigated the resolution deter iorated with a n  inc rease  i n  volt-  
age.  
Using a co l -  
S imi la r  indications of se r ious  collection problems a t  
ex t remes  of p r e s s u r e s  and collecting voltages were  observed by exam-  
ining the response to a n  uncollimated alpha source located on the w a l l  
of the chamber .  
with a monoenergetic source located on the surface of the sphere should 
give a rectangular pulse height spectrum. The spec t r a  for  the ini t ia l  
electrode configuration were  examined over  a range of p r e s s u r e s  and 
voltages. Apparently sat isfactory uniformity of volume response w a s  
observed a t  2 . 0  c m  Hg p r e s s u r e  over  a range of voltages f rom 850 V 
to 920 V.  A typical example i s  shown in  F ig .  8. Howevers ra is ing the 
voltage to 950 V completely destroyed the rectangular  pulse height 
spectrum. Likewise,  changing the p r e s s u r e  much below o r  above 
2 . 0 0  c m  Hg destroyed the rectangular  spec t rum,  and  this could not be 
res tored  by changing the voltage. I t  should be pointed out however,  that 
extreme caution must  be used i n  interpret ing the r e su l t s  of t e s t s  of uni- 
formity of volume response using this rectangular  pulse height spec t rum.  
A s  wi l l  be detailed present ly ,  the ini t ia l  e lectrode design was found to  
suffer f rom incomplete charge collection and seve ra l  new designs have 
been studied. 
s t ructure  produced a very dis tor ted spec t rum which, however, turned 
out to be caused by a new source used in . the t e s t  r a the r  than the e l e c -  
trode configuration, since substitution of the f o r m e r l y  used source p r o -  
duced a very good rectangular spec t rum.  
caused by r a the r  severe  self-shielding of shor t  path lengths due to  non- 
uniform source plating. Since this  type of spec t rum i s  thus seen to be 
SO dependent upon the source  cha rac t e r i s t i c s  i t  i s  obvious that there  i s  
Ross i  has  shown1 that a spher ica l  proport ional  counter  
An init ial  a t tempt  a t  this  type of t e s t  with a new electrode 
The problem w a s  evidently 
2 0  
M 4383  
Fig. 8. 
Response to an uncollimated polonium- 210 a - r a y  
source located on the wall of a spherical  p ro-  
portional counter operated at  a potential of 8 7 5 V  
and a gas  p r e s s u r e  of 2 .00  cm Hg. 
on the absc issa  represents  51. 2 channels with 
ze ro  energy corresponding to channel No .  -5.  
The ordinate i s  a l inear  display. 
Each division 
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The explorations of uniformity of collection and multiplica- 
tion undertaken using the tissue-equivalent counters  in  the UCLA proton 
beam were  done by using a small  frontal a r e a  silicon l i thium-drifted,  
p-i-n detector in  coincidence with the chamber  to  select  a portion of the 
proportional counter sensitive volume for examination. 
i n  the previous summary  technical report  that a n  effect  then thought to 
be due to an interaction between the protons and the walls of the t i s sue-  
equivalent chamber  had prevented the accumulation of coincidence spec t ra  
i n  the new experimental  a r e a .  A study of this problem has  shown that,  in 
fact ,  no such interaction occurs  and that the apparent  effect was due to 
the normal scattering pat tern of protons f rom the polyethylene ta rge t  
generally used in  the cyclotron. In protons scat tered f rom a ta rge t  con- 
taining carbon and hydrogen there  a r e  normally a number of proton energy 
peaks produced, the most  prominent a t  the angle of our  experiment  being 
those due to elastic sca t te r  f rom hydrogen and  carbon. The energy of 
the proton peak due to e las t ic  scat ter  f rom carbon does not vary much 
with angle of scat ter  while the energy due to e las t ic  sca t te r  f rom hydrogen 
does.  
scat tered peak dues not va ry  with angle the intensity of the carbon e las t i -  
cally scat tered peak i s  a very  strong functionof angle ,  decreasing very  
rapidly with increasing angle a t  the position of our  experimental  set-up. 
Thus,  when the p-i-n detector was remotely moved 2 .  5 c m  f rom a 
point to the side of the proportional counter to directly behind i t ,  i t  was 
a l so  moved to  a scattering angle severa l  degrees  smal le r ,  leading to a 
large decrease in the rat io  of the intensity of the carbon scat tered peak 
to that of the lower energy hydrogen sca t te red  peak which appeared  to be 
caused by an  interaction in the chamber  walls,  With this understanding 
of the scattering pat tern i t  w a s  a simple mat te r  to a r r ange  the experi-  
mental pa rame te r s  to obtain additional useful data using this coincidence 
method. 
mentation by being able to obtain our own beam t ime and thus use a pure 
carbon target.  This  a l so  made i t  p rac t ica l  to obtain much be t te r  s ta t i s -  
t i cs ,  since use of a somewhat thicker ta rge t  than normally employed 
when we were  i n  a satellite position, i n  conjunction with a move to  a 
smal le r  scattering angle,  greatly increased  the count ra te  obtainable. 
I t  was mentioned 
On the other hand, while the intensity of the hydrogen elastically 
This complication was ent i re ly  eliminated in much of the exper i -  
a very rea l  chance of misinterpretation of this tes t ,  making i t  of dubious 
value for  quantitative testing. 
not sufficient since this spectrum can  be obtained even without complete 
charge collection. 
Also, i t  i s  readily seen that the tes t  i s  
It should be pointed out that p roper t ies  of the interaction 
of high energy protons with ma t t e r  such as  this markedly anistropic 
scattering from carbon a r e  of considerable significance to consideration 
of microscopic energy t r a n s f e r  pa t te rns .  While an interaction such as  
this would have little effect on the macroscopic  proper t ies  such a s  center  
line depth dose i t  could obviously great ly  influence the absorbed energy 
density on a microscopic scale  and should be carefully taken into account 
i n  any such considerations. 
2 2  
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Several  a t tempts  to collect coincidence spectra  were made,  
with varying degrees  of success .  
p e r  l imit  of proton flux with which the counter could be successfully 
the coincidence spectrum was completely oblite rated,  presumably due to 
pulse pileup and space charge effects .  
by Figs.  9 and 1 0  which show coincidence spectra  for  fluxes of approxi-  
mately 9000 pro tons /cm2 / sec and 3000 protons / cm2  / sec ,  respectively . 
The shape of the coincidence spectrum in Fig. 1 0  should be noted. The 
high energy tail  i s  character is t ic  of spectra i n  which the average energy 
lo s s  i s  much l e s s  than the maximum possible energ 
I t  was  finally determined that the up- 
operated was  approximately 3000 protons/cm 2 / s e c .  Above this value 
This i s  shown very dramatically 
loss  p e r  coll is’on 
and is  descr ibed by the theory developed by LandauY5 and Symon. 3&3? 
With all of these parameters  understood i t  was possible to 
extend the study of the uniformity of response i n  different pa r t s  of the 
chamber .  
through the tissue-equivalent chamber  by moving the silicon p-i-n de-  
tector  to var ious positions behind i t .  In this manner coincidence peaks 
were  observed a t  1 c m  to the side of the center  of the chamber ,  but 
could not be observed a t  2 c m  to the side o r  1 c m  up from the center .  
In  these positions the rate of collection of the coincidence spectra  de-  
c r e a s e d  drast ical ly  and the resulting spectra were  identical i n  shape to 
the ungated whole counter response.  It was  thus obvious that i n  these 
c a s e s  the spectra  represented nothing but random accidental  coincidences. 
However, i t  was a l s o  realized that i t  w a s  not necessary to conclude f rom 
this alone that the chamber  was not collecting f rom these a r e a s .  Another 
possibility which had to be explored was that for pulses  formed far from 
the center  electrode the t ransi t  t ime of the init ial  e lectrons to the center  
electrode was such that the gate had already closed before the pulse p r o -  
duced by them reached the analyzer .  The maximum electron t rans i t  
t ime i s  a n  exceedingly difficult value to es t imate ,  especially with the 
initial electrode design. 
introducing a variable delay gate generator i n  the line carrying the gat-  
ing pulse. 
over  a wide range did not pe rmi t  accumulation of a coincidence peak in  
the outer portions of the sensitive volume, indicating poor collection 
efficiency. 
of the coincidence peak collected a t  1 c m  to the side of center  w a s  con- 
siderably sma l l e r  relative to that through the center  than can be explained 
on the bas i s  of relative path lengths, again indicating poor collection 
efficiency. 
Initially this consisted of simply selecting different paths 
This was therefore studied experimentally by 
However. variation of the gate delay t ime and gate width 
I t  should a l so  be noted i n  this connection that the pulse height 
It might be mentioned that in the course  of the experiment 
descr ibed  above, the various circuit  p a r a m e t e r s  involved i n  recording 
the pulse height distributions generated in  the spherical  sensitive vol- 
ume were  examined i n  some detail. One change which resulted was to 
inc rease  the clipping time in  the amplif ier ,  changing the total pulse 
2 3  
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F i g .  10. 
Response of a 2 in. spherical  t issue-equivalent 
proportional counter to t r a v e r  s a1 of a d iameter  
by 46. 5 MeV protons,  with a proton f lux  of ap- 
proximately 3000 protons/cm / sec .  Each divi- 
sion on the absc issa  r ep resen t s  20  channels,  
with zero  energy corresponding to channel zero.  
The ordinate i s  a l inear  display. 
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Fig.  9. 
Response of a 2 in.  spherical  tissue-equivalent 
proportional counter to t r a v e r s a l  of a d iameter  
by 46. 5 MeV protons, with a roton flux of ap- 
sion on the absc issa  represents  20  channels,  
with ze ro  energy corresponding to channel zero.  
The ordinate is  a l inear  display.  
proximately 9000 protons/cm 3 / sec .  Each divi- 
M 4 3 7 8  
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length from 3-4 ysec to approximately 15 ysec. This  was done to insure  
that the pulses  were  not being electronically clipped a t  a time l e s s  than 
o r  approximately equal to the collection t ime of those electrons having 
to  make the longest t r ave r sa l  within the counter.  
imply, f i r s t ,  that the pulse height for  an individual pulse would depend 
upon the position and orientation of its individual t rack,  thus distorting 
the entire pulse height spectrum and, second, that the pulses  were  being 
clipped before reaching full pulse height so that increasing the clipping 
t ime would resul t  in  an  increase  in the obtainable signal to noise ratio.  
Increasing the clipping t ime did, indeed, increase  the observed signal 
to noise ratio by a factor of about 3 t imes.  
If this were so i t  would 
In view of the resu l t s  indicating poor collection of proton 
produced pulses in  the tissue-equivalent chamber ,  i t  was necessary to 
establish the reason for  this deficiency. Two lines of investigation have 
shown ra ther  conclusively that the poor collection efficiency observed i s  
the resul t  of a deficient electrode design rather  than a property of the 
He-CO2 gas mixture being used. F i r s t ,  when methane was substituted 
for  the He-CO2 mixture and the polonium-210 a - r a y  spectrum resolu-  
tion observed a s  a function of pressure  and voltage i n  the b r a s s  chamber ,  
the same deterioration of spectrum resolution was observed a t  ex t r emes  
of p r e s s u r e  and voltage as  i n  the case  of the He-CO2 mixture. Secondly, 
a se r i e s  of examinations were  made of the saturation charac te r i s t ics  of 
the chambers ,  using a number of different e lectrodes and for  both x - r ays  
and protons.  This  w a s  done by using the counters  a s  ionization chambers  
and measuring the cu r ren t  as a function of applied potential for a constant 
radiation intensity. Saturation was initially attempted in the 46 MeV pro -  
ton beam using the He-GO2 gas mixture at  2 . 0  c m  Hg p res su re ,  but 
was not achieved. 
achieved in  some portion of the chamber near  the center  and i f  so to 
a t tempt  to map that portion of the chamber ,  a coll imator w a s  used in  the 
proton beam to expose only a given portion of the chamber  a t  a t ime. 
Since a proton beam through any portion of the frontal  a r e a  of the spher -  
i ca l  chamber  produces electron-ion pa i r s  along a complete diameter  o r  
chord,  complete saturation would not, of course ,  be  expected i n  this 
c a s e  i f  it was not achieved for  the whole chamber.  
radiation intensity one would expect to see a change in slope of the c u r -  
ren t  ve r sus  voltage curve ,  with a c loser  approach to saturation being 
achieved in portions of the chamber  in which a bet ter  field distribution 
existed.  However, no c lose r  approach to saturation w a s  achieved with 
the beam collimated through the center than had been achieved with the 
whole c ounte r. 
In o rde r  to determine whether saturation w a s  being 
However, for a given 
The possibility was then considered that multiplication 
might be  beginning a t  the tip of the electrode a t  low enough voltages 
that i t  was  preventing the leveling off of the cu r ren t  ve r sus  voltage curve  
which i s  the normal  c r i te r ion  fo r  showing collection f rom the complete 
25 
26 
sensitive volume. 
filled with air a t  a tmospheric  p re s su re ,  which has  often been used in  
proportional counters ,  and using x - rays  a s  the ionizing radiation. A l l  
of the subsequent work using x-rays was done using 140 K V P  x- rays  
fi l tered with 1 m m  A 1  + 1 / 4  m m  G u ,  a cu r ren t  of 5 ma,  and a target  
to detector disttance of 2 0  c m .  The f i r s t  unsuccessful attempt to i m -  
prove the field distribution was to round the pointed end of the electrode.  
The next step was to coat the alumina base i n  which the electrode i s  sup- 
ported with aquadag to connect i t s  ent i re  outer sur face  electr ical ly  to 
the center collector.  Although saturation was sti l l  not achieved this 
s tep provided very good additional evidence of poor collection with the 
normal electrode configuration, since i t  resul ted i n  approximately a 
threefold increase i n  cu r ren t  a t  any given voltage. The cu r ren t  again 
increased slightly, although saturation was sti l l  not achieved, when a 
1 /16 in. diameter  s teel  rod w a s  used as  an  electrode. Saturation was 
f ina l ly  achieved when a 1 / 4  i n .  d iameter  sphere w a s  used in  the center  
of the spherical  collecting volume. 
400 V.  At lower voltages there  was a considerable increase  in cu r ren t  
over  any of the other electrode configurations. Even though multiplica- 
tion cannot be achieved with this configuration i t  is  s t i l l  of considerable 
interest  since in  a standard geometry the extent to which the cu r ren t  
f rom any new electrode design approaches that of the spherical  electrode 
can be used a s  a measu re  of the completeness of collection even i f  mul- 
tiplication should begin before saturation can  be exhibited i n  the usual 
manne r. 
This  possibility was examined using the chamber  
Saturation then occurred  a t  about 
With recognition of the init ial  electrode de sign deficiencies 
i t  w a s  necessary to begin a study to perfect  a new electrode. 
i n  view of the fact that the initial electrode design turned out to have 
poor collection propert ies  even though i t s  uniformity of volume response 
had appeared quite acceptable using the angled alpha source as  a probe 
in  the b ra s s  tes t  chamber ,  i t  became obvious that a much more  defini- 
tive test was needed to evaluate any new electrode designs. The b r a s s  
tes t  chamber has  thus been a l t e r ed  to pe rmi t  a much more  thorough 
examination of the uniformity of volume response using a coll imated 
alpha source o r  monoenergetic e lectrons f rom the p-ray spectrometer .  
The new design permi ts  a coll imated beam to be directed along seven 
different paral le l  paths,  consisting of a path through the center  and 
three pa i r s  of paths a t  1 cm.  and 2 c m  f rom the cen te r ,  each subsequent 
pa i r  being rotated 4 5 O ,  thus completely mapping one quadrant of the 
spherical  volume. 
analogous to the tes t  which must  ultimately be per formed using the 
tissue-equivalent chamber  in  the UCLA proton beam. When this tes t -  
ing procedure was used to examine the init ial  e lectrode i t  showed very 
c lear ly  the very non-uniform volume response inherent  in this design. 
However, 
This  method of init ial  testing i s  thus completely 
. 
Tes t s  have been c a r r i e d  out, using the b r a s s  tes t  chamber ,  
on a number of new electrode designs. A l l  of these designs have involved 
a very smal l  diameter  wire  s t re tched completely a c r o s s  the spherical  
volume. One design attempted was a n  approximation to a design reported 
i n  the l i terature  by Benjamin, e t  a138 and reputed to give very  good uni- 
formity of volume response.  However, using a close approximation to 
the pa rame te r s  specified by Benjamin for a chamber  with a 2-in. diam- 
e t e r  we were  initially unable even to obtain a peak through the center .  
By applying an intermediate voltage on the field-shaping electrode in -  
cluded a t  the ends of the wi re s  in all of the new designs studied, i t  was 
possible to  obtain peaks in all source positions but no field-shaping 
voltage was found which gave a satisfactory uniformity of volume response.  
This  design was thus dropped. A l l  of the other design changes tes ted 
consisted of variations in the wire  diameter,  variations of the voltage 
applied to the field shaping electrodes a t  the ends of the wire ,  
fications to  the physical s t ructure  of the wire  supports.  
and modi- 
A 0. 003 in. stainless steel  wire  s t re tched completely a c r o s s  
the chamber  volume has  been found to give considerably improved p e r -  
formance. 
chamber  was  shown, using air a t  atmospheric p r e s s u r e  and the x- ray  
conditions specified above for  the previous saturation tes ts .  
occur red  a t  about 500 V as  compared to about 400 V for  the 1 /4 in. 
d iameter  steel  sphere and, of course ,  at the same cu r ren t  level f rom 
the chamber .  The gain and resolution as  a function of voltage for  a col-  
l imated alpha beam directed a c r o s s  a diameter  w a s  studied a t  a constant 
p r e s s u r e  of 2. 0 c m  Hg. N o  change i n  resolution as  a function of voltage 
was observed over the range of voltages examined (900-1075 V ) .  
relative gas  gain as  a function of voltage i s  seen in Fig. 11. I t  was noted 
i n  comparing these gain figures on a n  absolute b a s i s  with previous values 
obtained with the init ial  electrode design that the gain of the 3 mi l  wi re  
at  900 V and 2.0 c m  Hg p r e s s u r e  was only about a fifth of that of the 
previous electrode for  the same parameters .  
the peak previously seen from 45 MeV protons in  the tissue-equivalent 
chamber  using the coincidence set-up was only about 2-3 t imes  noise, 
i t  was  imperative that it be possible to make up at leas t  this factor of 
five by increasing the voltage. 
new electrode s t ruc ture  permi ts  considerably higher applied voltages 
before breakdown. I t  may be seen from Fig. 11 that the gain a t  1050 V 
i s  m o r e  than six t imes  that at 900 V.  
magnitude must  a l so  be obtained a t  any other operating p r e s s u r e  without 
adverse ly  affecting other operating charac te r i s t ics ,  the p re s su re  w a s  
var ied  ovei  a wide range and the voltage a t  each p r e s s u r e  increased  to 
in su re  that the resultant signal output was a t  l eas t  as la rge  as obtained 
a t  1050 V and 2 .0  c m  Hg p res su re .  The resolution was examined a t  
each  p r e s s u r e  under these conditions and showed a considerable improve-  
ment  over  the old electrode structure.  A s  mentioned previously, the 
peak r e  solution using the init ial  electrode configuration had the very 
First of all, saturation of this electrode in  the b r a s s  tes t  
Saturation 
The 
Since for  these conditions 
This was found to be possible since the 
Since a signal of a t  l eas t  this 
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Fig .  11. Relative gas  gain a s  a function of applied potential at 
2. 0 c m  Hg p r e s s u r e  f o r  0. 003 in .  
e lectrode extending a c r o s s  en t i r e  chamber .  
s ta in less  s teel  w i re  
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undesirable property of deteriorating increasingly as the p r e s s u r e  was 
ra i sed  above 2.  0 c m  Hg, reaching 6070 a t  only 8. 0 c m  Hg. In  cont ras t ,  
the new configuration exhibited a resolution of about 1 5yo a t  10 c m  Hg 
and 1870 a t  20 c m  Hg. The resolution at these higher p r e s s u r e s  could 
not be improved by increasing the voltage fur ther .  Only about 27" of 
the inc rease  i n  resolution over  what would be expected at a p r e s s u r e  of 
20 c m  Hg can  be explained on the bas i s  of a change of stopping power 
over the g rea t e r  effective path. 
ingly be t t e r  as  more energy is  left in the chamber  this  i s  probably s t i l l  
not a n  optimum design, but i t  i s  certainly a g rea t  improvement  over the 
in i t i a l  design performance and appears  to be quite usable over a wide 
range of p r e s s u r e s .  
Since the resolution should get i n c r e a s -  
The design now considered to be optimum and present ly  
undergoing more  extensive testing, consis ts  of a 0. 003-in. diameter  
s ta inless  s teel  wi re  s t re tched completely a c r o s s  the chamber  diameter  
with a voltage on the field shaping electrodes which is  3070 of the oper-  
ating voltage on the cen te r  electrode. 
of volume response obtained with these p a r a m e t e r s  when operating a t  a 
p r e s s u r e  of 2. 0 c m  Hg. 
pulse heights observed to the pulse heights expected fo r  each path length. 
I t  w i l l  be seen that all points a r e  within 8% of the expected values.  
should be pointed out, however, that the resolution of the alpha peak is  
r a the r  poor  in  the outer portion of the chamber .  Whereas  a resolution 
of about 30% would be expected due to the sho r t e r  path lengths, the ob- 
se rved  resolutions were about 4270 a t  F and G and 10070 a t  position 
E ,  nea r  the end of the center  electrode. With no voltage applied to the 
field shaping e lec t rodes ,  which of course  resu l t s  in  poor uniformity of 
volume response,  the resolution a t  these points i s ,  indeed, about 30'70. 
Figure 1 2  shows the uniformity 
The f igures  indicated a r e  the ra t ios  of the 
I t  
An at tempt  w a s  made to determine the reason for this poor 
resolution a t  the ex t remi t ies ,  especially position E .  I t  was hypothesized 
that p a r t  of the reason for the poor resolution might be due to p a r t  of 
each pulse being collected by the field shaping electrodes when positive 
voltage is  applied to them. To tes t  this, the b r a s s  chamber  w a s  used 
a s  a n  ionization chamber  and exposed to  x-rays. 
voltage w a s  found with no voltage on the field shaping electrodes,  voltage 
was applied to these electrodes and the cu r ren t  re-examined to see  i f  
there  w a s  a decrease .  
this  t e s t  to give inc reased  sensitivity to conditions a t  the ends,  N o  de- 
c r e a s e  was observed, however, indicating that this i s  not the reason for  
the poor  resolution, which mus t  be due simply to a l imited non-uniform 
field region near  the ends of the electrode. I t  should be pointed out that 
although this resolution is  a l a rge  percentage inc rease  in  the case  of the 
alpha par t ic le  tes t  pulse which has  an inherent resolution near  20'70, when 
one i s  measuring pulses  f r o m  part ic les  leaving much l e s s  energy i n  the 
senso r  and  hence with much l a r g e r  inherent resolutions,  and i n  only a 
sma l l  portion of the en t i re  volume3 this degree of counter resolution is  
not a se r ious  problem. 
After a saturating 
The center  of the chamber  w a s  shielded during 
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Fig .  12. Volume response of 0. 003 in. e lectrode operated a t  2. 00 
c m  Hg p r e s s u r e ,  with 1075V on the center  e lectrode,  and 
3 1 6 V  on the field shaping electrodes.  Values plotted a r e  
the rat ios  of experimental  to theoret ical  pulse heights f o r  
the various path lengths. 
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IV.  SPHERICAL SILICON Au-i-A1 DETECTORS 
Tiny, spherical ,  silicon Au-i-A1 detectors a r e  of i n t e re s t  
since such detectors may be used to obtain information on absorbed dose 
and f o r  studies of energy event distributions due to high energy radiations 
i n  anatomical situations in  which the use of proportional counters  is i m -  
possible due to their  much l a rge r  inherent physical size.  They may a l so  
be used i n  other geometr ies  to investigate the micradosimetr ic  dis t r ibu-  
tion a t  bone-tissue interfaces,  e t c . ,  and for  situations in  which i t  i s  de- 
s i r ed  to simulate l a rge r  t issue volumes than is possible with proportional 
counters.  
I t  was previously reported that a satisfactory method had 
been developed for fabrication of such spheres  f rom lithium compensated 
silicon. However, detailed testing showed that the e a r l i e r  samples  suf- 
fered f rom lack of complete collection of radiation generated charge from 
all regions of the detector volume and were  not stable to long storage.  
Such t e s t s  of uniformity of response involve probing around the sphere 
f rom pole to pole with the conversion electrons from a ve ry  tiny Sn 113 
source.  In  o r d e r  to obtain satisfactory spheres  i t  was necessary  to c a r r y  
out a r a the r  extensive study of the field distribution existing within lithium 
compensated silicon devices a f te r  various fabrication techniques. 
studies include surface probing by means of a high impedance e lec t rom-  
e t e r  c i rcu i t ,  the use of a helium-neon l a s e r  beam to study c a r r i e r  col-  
lection efficiency, and capacitance -voltage relationships as a function of 
frequency . 
These 
This study has  led to a satisfactory method for preparation 
of the required detectors.  Thick ( 7  mm) wafers of 200 ohm-cm, p-type 
silicon a r e  compensated with lithium by diffusion and pulse-drifting in  
an  oil bath. T o  achieve a uniform field distribution within the compen- 
sated material i t  is necessary to s tore  the devices at room temperature  
under fa i r ly  high bias  conditions for  periods of about one week. Resid-  
u a l  nt and  p regions a r e  then cut off and the remaining intrinsic region 
cut  into cubes.  
abrasion.  Af te r  etching the surface i n  nitric -hydrofluoric ac id  etch,  
gold and  aluminum wi res  a r e  attached by ultrasonic bonding. 
masks  with d iameters  l e s s  than that of the sphere a r e  used to pe rmi t  
vacuum evaporation of a thin (50-100 A) gold electrode over the gold 
wire  and  a thin aluminum electrode evaporated over the aluminum wire 
i n  the same  manner ,  leaving a complete band of uncoated silicon between 
the electrodes.  Units have been achieved which have exhibited noise 
broadening of a n  e lec t r ica l  pulser  peak (FWHM) of about 8 keV a t  room 
tempera ture .  This  pe rmi t s  very  good spectral  resolution, a s  can  be 
seen i n  Fig.  13,  which clear ly  shows the K (364 keV) and LI (388 keV) 
conversion electron l ines f r o m  Sn l l  3 .  
stabil i ty under storage.  
obtained with these spherical  detectors must  be evaluated i n  t e r m s  of 
the spec t ra  obtained with spherical  proportional counters.  
type have not thus far been obtained. 
The cubes a r e  then reduced to smal l  spheres  by air 
Ci rcu lar  
These units have a l so  shown good 
Spectra due to high energy incident radiations 
Data of this 
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V .  CONCLUSIONS AND RECOMMENDATIONS 
I 
The measurements  thus far completed of the center  line 
depth dose distributions for high energy protons,  which were  designed 
to  elucidate the distribution of absorbed dose on a macroscopic scale ,  
have shown some ve ry  significant and previously unpredicted features .  
The very  rapid initial r i s e  of absorbed dose with t issue depth i s  obviously 
of considerable pract ical  importance par t icular ly  with respect  to smal l  
animal  i r radiat ions.  In addition, i t  points to the definite importance of 
the contribution of the secondary charged par t ic les ,  resulting f rom nu- 
c l ea r  interaction p rocesses ,  to the absorbed dose a t  very  high p r imary  
proton energies .  The shapes of the center line depth dose distributions 
for proton energies  up to 140 MeV, on the other hand, indicate that 
secondary production is  relatively unimportant in  this lower energy 
range. 
dose distributions for protons with energies  intermediate between 
140 MeV and 630 MeV. 
next quar te r ,  using the 300 MeV and 600 MeV proton beams available 
a t  the new NASA Langley cyclotron facility. 
It would obviously be of grea t  in te res t  to obtain center  line depth 
I t  is planned to accomplish this ear ly  in the 
The significance of the center  line depth dose distributions 
observed for the severely degraded proton beams (220 MeV and 260 MeV) 
should be  pointed out. 
resul ts  i s  that it is  completely inadequate for purposes  of manned space 
flights to mere ly  calculate the theoretical  average energy of high energy 
protons a f te i  passing through a given thickness of shielding mater ia l  and 
use this value to predict  dose o r  biological effects, since the resul ts  
c lear ly  show that the type of shielding mater ia l  would significantly affect 
the resulting center  line depth dose distribution. This  once again empha- 
s i zes  the importance of direct  experimental  measurements  of the macro -  
scopic distributions of absorbed dose for  high energy protons to supple- 
ment and to guide theoretical  developments in these complex dosimetric 
problems.  Fu r the r  study to determine the importance of side- and 
back-scat ter  contributions and possibly to examine the exit  dose pa t te rns  
f o r  the higher energy beams would be of in te res t ,  since this information 
would be helpful in  applying the data to calculations involving biologically 
complex geometr ical  situations. 
this phase of the study i s  felt to be of considerable significance, br ing-  
ing to light, as it does, a previously unpredicted feature of the depth 
dose distributions which i s  of grea t  pract ical  and theoretical  importance 
as  well  a s  contributing to the basic knowledge of the interactions of high 
energy protons with mat te r .  
A very important implication of the observed 
The information thus far obtained i n  
' 
In  the a r e a  of the development of a satisfactory proportional 
counter  for  microdosimetr ic  measurements ,  the operating charac te r  - 
i s t i c s  of the 0. 003 in .  stainless s teel  electrode will be examined in de- 
tail. The resolution and uniformity of volume response w i l l  be studied 
3 3  
. 
i n  the b r a s s  tes t  chamber  over a range of gas p r e s s u r e s  and operating 
voltages, using the improved scheme for scanning portions of the cham-  
b e r  with a collimated beam. 
tended to the determination of the response charac te r i s t ics  for minimum 
ionizing par t ic les ,  and calibration for low energy electrons such as  those 
which will be present  as  delta r a y s  in  the tissue-equivalent chambers  
during actual proton energy event size studies. 
same b r a s s  tes t  chamber ,  which can readily be a l t e r ed  to include a 
direct  see-through path defined by thin entrance and exit  windows. 
calibration w i l l  then be accomplished by the use of low energy mono- 
energetic e lectrons,  selected by a beta-ray spec t rometer ,  and by the use 
of the UCLA Van de G r a a f f .  If the t e s t s  in the b r a s s  chamber  show sa t i s -  
factory operation, the resolution and uniformity of volume response will  
be carefully examined using the tissue-equivalent chamber  and the coinci-  
dence set-up in the proton beam to examine var ious portions of the sens i -  
tive volume, since this ultimately is  the tes t  which must  be successfully 
passed before meaningful studies of proton energy event distributions may 
be initiated. It might be mentioned that the resu l t s  of a grea t  deal of 
experimental  work with s imi la r  types of t issue -equivalent proportional 
counters  have been published with no explicit mention of a testing p ro -  
cedure as extensive a s  that which ultimately revealed defects i n  the ini-  
t ial  electrode design of this program. 
This phase of the study should a l so  be ex-  
This  can be done in the 
The 
Finally, an  intensive effort  should be made to completely 
character ize  the response to high energy protons of both the 1 m m  
spherical  silicon Au-i-A1 detectors  and the 1 m m  spherical  plastic 
scintillating beads. 
proton energy event distributions occurr ing in  anatomical situations i n  
which the use of proportional counters  i s  impossible due to their  inherently 
la rge  size,  they may a l s o  be used i n  other geometr ies  to investigate the 
minidosimetric distributions a t  bone - t issue in te r faces ,  e tc .  , and fo r  
situations i n  which i t  is  des i red  to simulate l a r g e r  t issue volumes than 
i s  pract ical  with proportional counters.  
I n  addition to being useful for  studies of high energy 
I 
I 
3 4  
I REFERENCES 
1 .  
2. 
3 .  
4. 
5. 
6. 
7. 
8. 
9. 
10.  
11.  
12.  
H. H.  Rossi  and  W .  Rosenzweig, "A device for  the measurement  
of dose as  a function of specific-ionization, I t  Radiology 64, 404-41 1 - (1955). 
H. H. Rossi  and  W .  Rosenzweig, "Measurements  of neutron dose 
as a function of l inear  energy t ransfer ,  
(1955). 
Rad. Res.  2, 417-425 - 
H. H.  Rossi ,  "Specification of radiation quality, Rad. Res .  10, - 522 -531 (1 959). 
H. H. Rossi ,  M .  H. Biavati, and W .  G r o s s ,  "Local energy density 
i n  i r r ad ia t ed  t i s sues ,  I '  Rad. Res .  15,  431 -439 (1961). -
H. H. Rossi ,  "Spatial distribution of energy deposition by ionizing 
radiation, Rad. Res .  - 2 ,  Supplement 290-299 (1960). 
W .  H. B a r k a s  and  M.  J. Berge r ,  "Tables of Energy  L o s s e s  and  
Ranges of Heavy Pa r t i c l e s ,  I '  i n  Studies of Penetrat ion of Charged  
P a r t i c l e s  i n  Mat te r ,  National Academy of Sciences - National 
Resea rch  Council Publication 1133, Washington, Do C . ,  1964. 
J. Neufeld and  W.  S. Snyder, "Est imates  of Energy  Dissipation by 
Heavy Charged P a r t i c l e s  i n  Tissue ,  
tion Dosimetry,  International Atomic Energy  Agency, Vienna, 
Aus t r ia ,  1961. 
in  Selected Topics i n  Radia- 
T .  Jorgensen,  "The Dependence of Stopping Power  on Chemica l  
Binding, I '  i n  Penet ra t ion  of Charged Particles in  Matter ,  National 
Academy of Sciences - National Resea rch  Council Publication 752, 
Washington, D. C . ,  1960. 
W .  H. Bragg,  Studies in  Radioactivity, (Macmillan and Coo  L td . ,  
London, 1912), p. 94. 
W .  H. Bragg,  "The consequences of the corpuscular  hypothesis of 
the y and x r ays  and the range of p rays ,  Phi l .  Mag. 20, - 386-416 (1910). 
Le H. Gray ,  The  Absorption of Penet ra t ing  Radiation, I P  P r o c .  Roy. 
S o c . ,  A122, 647-668, London, 1928. 
L. H. Gray,  "An Ionization Method for  the Absolute Measurement  
of y-ray Energy,  I I  P r o c .  Roy. SOC.,  A1 56, 578-596, Londons 1936. 
35 
L. H. Gray ,  Br i t .  J. Radiol. - 10, 600, 721 (1937). 13.  
14. R .  Se rbe r ,  "Nuclear react ions a t  high energ ies ,  I t  P h y s .  Rev. 72, 
1114 (1947). - 
15.  W .  E ,  Kinney and 6 .  D. Zerby ,  "Calculated T i s sue  Curren t - to-  
Dose Conversion Fac to r s  for  Nucleons of Energy  Below 400 MeV, I t  
i n  Proceedings  of the Second Symposium on Pro tec t ion  Against  
Radiations in  Space,  NASA SP-71,  Gatlinburg. Tennessee,  1964. 
C .  D. Zerby  and W .  E .  Kinney, "Calculated Current- to-Dose 
Conversion F a c t o r s  fo r  Nucleons Below 400 MeV, I '  
ORNL -TM -1 038, 1 9 65. 
16. 
1 7 .  R .  Wallace,  P.  G .  Steward, and  C .  Sondhaus, " P r i m a r y -  and  
Secondary-Proton Dose Rates  i n  Spheres  and  Slabs  of T i s sue ,  
in  Proceedings  of the Second Symposium on Pro tec t ion  Against 
Radiations in Space,  NASA SP-71,  Gatlinburg, Tennessee ,  1964. 
J .  E.  Turne r ,  C .  D. Zerby,  R.  L .  Woodyard, H .  A .  Wright,  
W .  E .  Kinney, W .  S .  Snyder,  and  J. Neufeld, "Calculation of 
radiation dose f rom protons to 400 MeV, I t  Health P h y s i c s  - 10, 
783-808 (1964). 
18.  
19. 
20. 
J .  Neufeld, W .  S. Snyder, J .  E .  T u r n e r ,  a n d H .  Wright, 
"Calculation of radiation dose f rom protons and  neutrons to 
400 MeV, ' I  Health Phys ic s  - 12, 227-237 (1966). 
W .  Whaling, "Stopping P o w e r  at Low Energ ie s ,  ' I  in Penet ra t ion  
of Charged Particles i n  Mat te r ,  National Academy of Sc iences-  
National Resea rch  Council Publication 752, Washington, D. C .  , 
1960. 
21 .  
22. 
N .  Metropolis,  R. Bivins,  M.  S to rm.  A .  Turkevich,  J.. M.  Mi l le r ,  
and G a Fr ied lander ,  "Monte C a r l o  calculat ions on in t ranuclear  
cascades ,  1- Low-energy s tudies ,  I s  P h y s .  Rev. - 110, 185 (1958). 
N.  Metropolis,  R. Bivins,  M .  S t o r m ,  J. M.  Mi l le r ,  G .  F r i e d -  
lander,  and A .  Turkevich,  "Monte C a r l o  calculations on i n t r a -  
nuclear cascades .  11. High-energy s tudies  a n d  pion p r o c e s s e s ,  
Phys.  Rev. - 110, 204 (1958). 
H.  W .  Bert ini ,  "Low energy in t ranuclear  cascade  calculation, ' I  I 
I Phys. Rev. - 131,  1801 (1963). I 
23. 
24. H.  W .  Bert ini ,  "Monte Car lo  Calculations for  Intranuclear  
Cascades,  ' I  in P r o c .  of Symp. on P ro tec t ion  Against  Radiation 
Hazards  i n  Space,  TID-7652, Gatlinburg, Tennessee ,  1962. I 
36 
25. 
26. 
27. 
28. 
29. 
30. 
31 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
I .  Dostrovsky, Z .  Fraenkel ,  and L. Winsberg, '!Monte C a r l o  
calculations of nuclear  evaporation p rocesses .  IV. Spec t ra  of 
neutrons and  charged par t ic les ,  ' I  P h y s .  Rev. 118, 781 (1960). 
I. Dostrovsky, P .  Rabinowitz, and R. Bivins,  "Monte C a r l o  
calculations of nuclear evaporation processes. I. Sys temat ics  
of nuclear  evaporat ion,  I '  Phys .  Rev. - 111 
C .  J .  Bakker  and E .  Segre,  "Stopping power and  energy loss  for  
ion pair production fo r  340 MeV protons,  ' I  P h y s .  Rev. 81, 489- 
492 (1951). 
-
1659 (1 958). 
-
H. V. La r son ,  "Energy loss pe r  ion pair for  protons in  var ious  
gases ,  Phys .  Rev. 112, 1927-1928 (1958). -
R.  A .  Lowry and G .  H. Mil ler ,  "Ionization yield of protons i n  
nitrogen and  argon,  I '  Phys .  Rev. 109, 826-831 (1 958). 
W.  D. Al len  and A. T .  G.  Ferguson, Harwell  Report  AERE 
N P / R  1720, 1955. 
-
J .  A .  Phipps ,  J .  W .  Boring, and R .  A .  Lowry, "Total ionization 
i n  a rgon  by heavy ions of energ ies  8 to 100 keV, Phys .  Rev. 135, -A36-A39 (1 964). 
F. R. Shonka, J .  E .  Rose,  and G .  Fai l la ,  "Conducting Plastic 
Equivalent to Tissue ,  A i r  and  Polys tyrene ,  I t  2nd UN Intern.  Conf. 
on Peace fu l  Uses  of Atomic Energy (Health and Safety, Dosimetry 
and  Standards) ,  Geneva; Proceedings - 21, 184 (1 958) (P /753USA) e 
R .  S.  Caswel l ,  "Neutron-insensitive proport ional  counter  for 
gamma- ray  dosimetry,  ' I  Rev. Sci. Ins t r .  - 31, 869 (1 960). 
W. Rosenzweig and H. H. Rossi ,  "Statistical Fluctuations i n  the 
Energy  Loss of 5 .8  MeV Alpha P a r t i c l e s  P a s s i n g  through a n  
Absorber  of Variable  Thickness ,  ( I  AEC Report ,  NYO-10716, 1963. 
L. Landau, J .  P h y s .  ( U . S . S . R . )  - 8 ,  201 (1944). 
K. R. Symon, thes i s  (Harvard University,  1948). 
B .  Ross i ,  High-Energy P a r t i c l e s  (Prent ice-Hal l ,  Inc. 
Cliffs, N.  J . ,  1952), pp. 29-37. 
Englewood 
P. W .  Benjamin, C .  D. Kemshall ,  and  J. Redfearn,  "A High 
Resolution Spherical Propor t iona l  Counter,  
NR 1/64 .  
AWRE Report  No. 
37 
